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INTRODUCTION: 

Prostate  cancer  is  the  most  common  invasive  malignancy  and  second  leading  cause  of  cancer 
death  in  men  in  the  United  States  and  many  other  parts  of  the  world.  Up  till  now,  hormone  ablation 
therapy  is  the  major  way  to  treat  prostate  cancer.  Such  therapy  only  causes  a  temporary  regression  and 
tumor  growth  resumes  within  6-18  months.  It  is  now  well  established  that  aberrant  expressions  of 
mitogenic  growth  factors  and  their  receptors  are  responsible  for  unregulated  growth  of  the  prostate 
cancer.  Once  autocrine  growth  factor  loops  are  operative,  prostate  cancer  progresses  to  an  androgen- 
independent  state.  It  is  uniformly  fatal  because  no  systemic  therapy  currently  exists  that  inhibit  growth 
of  androgen-independent  prostate  cancer.  Therefore  better  androgen  blockade  is  not  the  answer  for 
treating  prostate  cancer.  Rather,  research  efforts  should  focus  on  the  therapeutic  agents  that  will  inhibit 
growth  factor  signaling  pathways  thereby  inhibit  growth.  While  many  new  classes  of  cancer 
chemopreventive  agents  are  being  evaluated  in  clinical  trials  for  other  malignancies,  little  success  has 
been  achieved  in  terms  of  prostate  cancer  prevention.  During  the  past  several  years,  a  large  number  of 
studies  have  pointed  out  that  inositol  hexaphosphate  (IP6),  the  most  abundant  phosphorylated  inositol 
present  in  beans,  cereal  grains,  lentils  and  legumes,  could  have  beneficial  effect  on  variety  of  cancers. 
The  underlying  hypothesis  driving  our  work  is  that  unregulated  expression  of  mitogenic  growth  factors 
are  responsible  for  carcinogenesis  of  the  prostate  gland  and  IP6  can  prevent  such  development  by 
inhibiting  growth  factor-induced  signal  transduction.  Therefore,  IP6  could  be  a  potential  agent  for  the 
prevention  and  treatment  of  prostate  cancer.  The  specific  aims  of  this  project  were  to  examine  (1)  the  in 
vivo  effects  of  IP6  on  the  growth  of  prostate  cancer  (2)  the  efficacy  of  IP6  in  inhibiting  growth  factor- 
induced  DNA  synthesis  of  prostate  cancer  cells  in  vitro,  and  (3)  to  determine  the  molecular  mechanisms 
by  which  IP6  inhibits  growth  of  prostate  cancer  cells. 


BODY: 

In  my  proposal  under  the  “Statement  of  Work”,  I  proposed  that  my  first  task  would  be  to 
determine  the  in  vivo  effects  of  inositol  hexaphosphate  (IP6)  on  the  growth  and  development  of  prostate 
cancer  in  TRAMP  mice.  To  test  the  efficacy  of  IP6  in  preventing  prostate  cancer  growth,  32  male 
TRAMP  mice  of  4  weeks  of  age  were  treated  with  1,  2  and  4%  IP6  or  without  IP6.  As  seen  in  Figure 
1A,  IP6  dose-dependently  decreased  prostate  tumor  growth  over  32  weeks  of  treatment.  Although,  we 
observed  a  dose-dependent  decrease  in  tumor  growth,  significant  inhibition  was  only  observed  in  4% 
IP6-treated  groups.  In  control  diet  groups,  tumor  was  very  large  in  size  and  was  exclusively  in  the 
prostate  gland  whereas  seminal  vesicle  was  normal  (Fig.  IB).  IP6  (4%)  treatment  inhibited  such  tumor 
growth  in  the  prostate  (Fig  1C).  We  submitted  one  manuscript  on  mechanism  of  IP6  action  of 
telomerase  regulation  and  preparing  another  two  manuscripts. 


KEY  RESEARCH  ACCOMPLISHMENTS: 

•  In  vivo  treatment  of  IP6  to  TRAMP  mice  is  complete  (Task  1) 

•  Mechanism  of  growth  inhibition  by  IP6  has  been  resolved  (Task3) 

•  Efficacy  of  IP6  in  down  regulating  androgen  receptor  is  complete  (Task  2) 

(Please  see  the  results  in  next  few  pages;  Figure  1-8) 
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Figure  1.  Effects  of  IP6  treatment  on  TRAMP  prostate  growth  in  vivo.  A:  Weight  of  prostate  tumor 
after  32  weeks  of  IP6  treatment  in  vivo.  IP6  induced  a  dose-dependent  decrease  in  prostate  tumor 
growth.  B:  a  representative  photograph  from  a  control  TRAMP  tumor  at  36  weeks  of  age.  C:  a 
representative  photograph  of  a  4%  IP6-treated  TRAMP  prostate.  *  indicates  significant  differences  from 
control.  Data  represents  the  results  of  8  animals  per  group. 

Although,  we  observed  a  dose-dependent  inhibition  of  prostate  tumor  growth,  these  doses  of  IP6 
did  not  cause  any  overt  toxicity  in  these  animals.  As  we  observed,  there  is  no  significant  change  in  the 
body  weight  (Fig  2A)  or  in  five  vital  organs,  heart,  kidney,  liver,  lung  and  testis  (Fig.  2B).  We  are 
currently  looking  into  the  histopathology  of  these  organs  to  confirm  that  IP6  did  not  cause  any  damage 
to  these  vital  organs  over  8  months  of  treatment. 


Figure  2.  Effect  of  IP6  on  body  weight  and  organ  weights  in  TRAMP  mice.  A:  Body  weights  at  36 
weeks-old  TRAMP  mice  after  various  doses  of  IP6  treatment.  B:  Various  organ  weights  at  36  weeks  of 
age  after  various  doses  of  IP6  treatment. 
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To  examine  the  in  vivo  effect  of  IP6  at  the  molecular  level,  we  examined  the  effect  if  IP6- 
induced  growth  inhibition  in  TRAMP  cells.  First,  we  examined  whether  IP6  inhibits  TRAMP  prostate 
cancer  cells  growth.  As  we  see  in  Figure  3A  there  is  a  dose-dependent  decrease  in  cell  growth  in  both 
TRAMP  Cl  and  C2  cells.  Significant  inhibition  occurred  by  2  mM  of  IP6.  Similarly,  we  also  observed 
that  IP6  also  decreased  the  DNA  synthetic  ability  of  these  cells  dose-dependently,  and  by  2  mM 
concentration  BrdU  labeling  was  decreased  approximately  50%  (Fig  2B),  suggesting  that  similar  to  in 
vivo  situation,  IP6  can  inhibit  TRAMP  prostate  cancer  cell  growth  in  vitro. 


Figure  3.  Effects  of  IP6  on  growth  and  DNA  synthesis  of  TRAMP  cells  in  complete  growth  media.  A: 
Dose-dependent  growth  inhibition  of  TRAMP  Cl  and  C2  cells  after  3  days  of  culture.  B:  Dose- 
dependent  inhibition  of  DNA  synthesis  (BrdU  incorporation)  in  TRAMP  Cl  and  C2  cells  after  3  days.  * 
indicates  significant  differences  compared  to  their  respective  controls. 


We  also  observed  that  IP6  induces  G0/G1  arrest  in  TRAMP  C2  cells  as  early  as  24h  of  treatment 
(Fig  4).  As  a  result  the  S-phase  decreases  significantly.  It  was  also  evident  in  earlier  experiment  in  BrdU 
incorporation  study  (Fig.  3B). 


Figure  4.  Effects  of  IP6  on  cell  cycle  progression  in  TRAMP  cells.  A:  Flow  cytometric  data  showing 
various  phases  of  cell  cycle  in  TRAMP  cells  with  (B)  or  without  (A)  IP6  treatment  for  24h.  C: 
quantitative  data  comparing  the  cell  cycle  between  IP6  treatment  and  without  treatment. 
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Since,  we  observed  the  cell  cycle  arrest  at  G0/G1,  we  decided  to  examine  some  of  the  dominant 
players  of  this  phase  of  cell  cycle.  As  we  see  in  Figure  5 A,  the  level  of  PCNA,  cyclin  D1  and  E2F1 
decreased  dose-dependently.  The  dramatic  effect  was  observed  in  cyclin  Dl,  where  even  1  mM  IP6 
caused  almost  complete  inhibition  of  this  protein  expression.  We  are  currently  looking  at  the  promoter 
of  this  gene  to  determine  the  molecular  regulation  of  cyclin  Dl  by  IP6.  Using  PCNA  promoter- 
luciferase  construct,  we  observed  that  IP6  induced  a  significant  decrease  in  the  PCNA  promoter  activity 
(Fig.  5B).  This  result  suggests  that  IP6  can  inhibit  prostate  cancer  growth  by  down  regulating  the  PCNA 
transcription  and  by  decreasing  PCNA  protein  expression.  We  do  not  know  whether  the  translocation  of 
PCNA  is  also  associated  with  the  IP6  treatment. 


A  |P6  (mM) 

0  12  5 

— - 

-PCNA 

- 

-Cyclin  Dl 

— -  — 

-E2F1 

-p-actin 

Figure  5.  Effects  of  IP6  on  cell  cycle  regulators  of  G0/G1  phase  in  TRAMP  cells.  A:  Western  blots 
showing  the  levels  of  PCNA,  Cyclin  Dl  and  E2F1  after  various  doses  of  IP6  treatment.  B:  PCNA 
promoter  activity  with  or  without  IP6  treatment  in  TRAMP  C2  cells.  *  indicates  significant  differences 
compared  to  the  respective  control. 

Similarly,  in  vivo  studies  also  demonstrated  a  dose-dependent  reduction  in  PCNA  and  E2F1 
protein  levels  with  IP6  treatments,  suggesting  that  similar  mechanisms  operate  in  both  in  vivo  and  in 
vitro. 


Figure  6.  Effects  of  in  vivo  treatments  of  IP6  on 
PCNA  and  E2F1  in  TRAMP  prostate.  Western  blots 
showing  the  levels  of  PCNA,  and  E2F1  after 
various  doses  of  IP6  treatment. 
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In  search  of  molecular  mechanisms  of  IP6  induced  growth  inhibition  of  TRAMP  cancer  cells,  we 
discovered  that  IP6  dose-dependently  decreased  telomerase  activity  (Fig.  7).  We  also  observed  that  this 
decrease  in  telomerase  activity  is  not  TRAMP  cell  specific,  it  also  occurs  in  human  prostate  cancer  cells, 
LNCaP  (Fig.  1C).  Using  quantitative  estimation,  we  observed  that  with  2  mM  IP6  caused  50%  inhibition 
of  telomerase  activity  by  3  days  of  treatment  and  with  5  mM  concentration  it  further  reduces  to 
approximately  20%  of  the  control  levels  (Fig.  7D).  These  results  clearly  suggest  for  the  first  time  that 
IP6  can  inhibit  telomerase  activity  in  prostate  cancer  cells  and  thereby  inhibits  prostate  cancer  ells 
ability  to  replicate  indefinitely. 


Figure  7.  Effects  of  IP6  on  the  telomerase  activity  in  TRAMP  and  human  prostate  cancer  cells.  A 
TRAP  assay  showing  the  levels  telomerase  activity  in  IP6  treated  and  untreated  TRAMP  Cl  cells.  B 
TRAP  assay  showing  the  levels  telomerase  activity  in  IP6  treated  and  untreated  TRAMP  C2  cells.  C 
TRAP  assay  showing  the  levels  telomerase  activity  in  IP6  treated  and  untreated  LNCaP  cells.  D 
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Quantitative  estimation  of  telomerase  activity  with  various  doses  of  IP6  in  TRAMP  C2  cells.  *  indicates 
significant  differences  compared  to  the  respective  control. 


Since  we  observed  that  the  telomerase  activity  decreases  in  response  to  IP6  treatment  in  TRAMP 
and  human  prostate  cancer  cells,  we  examined  the  message  level  of  TERT,  catalytic  subunit  of 
telomerase,  expression  of  TERT  is  tightly  associated  with  the  telomerase  activity.  Using  RT-PCR,  we 
examined  the  mRNA  level  of  TERT  and  normalized  with  GAPDH  expression.  As  seen  in  Fig.  8A,  there 
is  a  dose-dependent  decrease  in  the  expression  of  TERT  mRNA,  suggesting  decrease  in  telomerase 
activity  is  associated  with  the  decrease  in  TERT  expression.  Using  quantitative  estimation  again  we 
observed  that  2  mM  IP6  caused  50%  decrease  in  TERT  expression  (Fig  8B).  Because  TERT  is  generally 
present  in  the  nucleus,  we  examined  the  levels  of  TERT  protein  in  the  nuclear  fraction  using  IP6  treated 
and  untreated  TRAMP  C2  cells.  As  we  see  in  Fig.  8C,  TERT  protein  level  decreased  dramatically  in  the 
nuclear  fraction.  Quantitatively  more  than  60%  of  the  protein  was  decreased  after  IP6  treatment  (Fig 
8D).  We  also  examined  the  TERT  promoter  activity  using  a  3.3kb  TERT  promoter-luciferase  construct. 
As  we  see  in  Figure  7E,  TERT  promoter  activity  was  increased  approximately  20-fold  compared  to  the 
basic  constructs  and  IP6  treatment  decreased  TERT  promoter  activity  in  TRAMP  C2  cells  almost  20- 
fold.  These  results  again  reconfirm  our  telomerase  activity  data  and  reemphasize  that  IP6  regulates 
telomerase  activity. 


B 


0  12  5 

IP6  (mM) 


Figure  8.  Effects  of  IP6  on  telomerase  protein  and  message  in  TRAMP  prostate  cancer  cells.  A:  RT- 
PCR  showing  the  levels  TERT  mRNA  in  IP6  treated  and  untreated  TRAMP  C2  cells.  B:  Quantitative 
analysis  of  TERT  mRNA  in  IP6  treated  and  untreated  TRAMP  C2  cells.  C:  Western  blot  (nuclear 
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extract)  showing  the  levels  TERT  protein  in  IP6  treated  and  untreated  TRAMP  C2  cells.  C-23 
(Nucleolin)  was  used  as  a  loading  control.  D:  Quantitative  analysis  of  TERT  protein  after  normalizing 
with  C-23.  E:  TERT  promoter  activity  in  TRAMP  C2  cells  with  or  without  IP6  (2mM)  for  24h.  * 
indicates  significant  differences  compared  to  their  respective  controls. 


Since  activation  of  telomerase  requires  phosphorylation  of  TERT  and  Akt  is  known  to 
phosphorylate  TERT,  we  examined  the  total  and  phosphorylated  Akt  with  or  without  IP6  treatments.  As 
we  see  in  Figure  9,  IP6  decreased  the  phospho-Akt  but  not  the  total  Akt,  suggesting  that  Akt  is 
deactivated  by  the  IP6.  Quantitatively,  we  also  observed  that  IP6  significantly  decreased  the  activation 
of  Akt  (Fig.  9B).  These  results  suggest  that  Akt  is  no  longer  able  to  phosphorylate  TERT  and  therefore 
its  translocation  to  the  nucleus. 


A 

IP6  (mM) 

0  12  5 

— 

-Akt 
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-p-actin 

Figure  9.  Effects  of  IP6  on  the  levels  and  activation  of  Akt  in  TRAMP  cells.  A:  Western  blot  analyses 
of  total  and  activated  Akt  after  various  doses  of  IP6  treatments.  B:  Quantitative  analysis  of  activated  Akt 
with  various  doses  of  IP6  in  TRAMP  C2  cells.  *  indicates  significant  differences  compared  to  the 
respective  control. 

As  an  additional  mechanism,  we  also  observed  that  IP6  dose-dependently  decreased  androgen 
receptor  levels  (data  not  shown)  and  prevent  the  translocation  of  androgen  receptor  in  the  nucleus.  So, 
more  androgen  receptors  are  found  in  the  cytoplasmic  fractions  compared  to  the  nucleus  (Fig.  10). 
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Figure  10.  Effects  of  IP6  on  the  levels  cytoplasmic  and  nuclear  androgen  receptor  in  LNCaP  cells. 
Beta-actin  and  nucleolin  were  used  as  loading  controls,  respectively. 

We  observed  the  prevention  of  androgen  receptor  translocation  in  both  LNCaP  and  TRAMP-C2 
cells  (Figure  1 1).  As  we  see  androgen  receptor  is  localized  in  the  nucleus  in  both  LNCaP  and  TRAMP- 
C2  cells.  Treatment  of  these  cells  with  2  mM  IP6  for  two  days  prevented  translocation  of  androgen 
receptor  to  the  nucleus,  so  some  androgen  receptor  were  in  the  cytoplasm  (see  the  merge  figures). 


Figure  11.  Effects  of  IP6  on  the  translocation  of  androgen  receptor  in  LNCaP  and  TRAMP-C2  cells. 
AR:  androgen  receptor,  PI:  propium  iodide. 
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REPORTABLE  OUTCOMES:  We  already  submitted  one  manuscripts  entitled  “Inositol 
hexaphosphate  represses  telomerase  activity  and  translocates  TERT  from  the  nucleus  in  mouse  and 
human  prostate  cancer  cells  via  the  deactivation  of  Akt  and  PKCa”  (Biochem  Biophys  Res  Commun 
349  (2006)  1361-1367,  please  see  in  appendix).  One  major  goal  of  this  DOD  grant  was  to  develop  this 
work  and  gather  enough  preliminary  data  to  develop  a  research  project  for  federal  funding.  We  have 
achieved  this  goal  and  submitted  a  R01  grant  application  at  the  National  Institutes  of  Health  entitled 
“Mechanism  of  telomerase  repression  in  prostate  cancer  by  inositol  hexaphosphate”,  application  number 
R01-CA125659-01  which  is  currently  pending. 

CONCLUSIONS:  We  have  completed  our  research  on  the  effect  of  IP6  in  prevention  of  prostate  cancer 
and  discovered  that  IP6  can  prevent  the  development  poorly  differentiated  prostate  cancer  in  TRAMP 
model.  Mechanistically,  we  observed  that  IP6  can  repress  telomerase  activity  in  both  mouse  and  human 
prostate  cancer  cells  that  could  inhibit  growth  and  survival  pf  prostate  cancer  cells.  In  addition,  we  also 
observed  that  IP6  can  prevent  the  translocation  of  androgen  receptor  and  thereby  would  inhibit  androgen 
receptor  dependent  growth  regulation.  To  understand  the  detailed  mechanism,  further  investigation 
would  be  required. 

REFERENCES:  N/A 

APPENDICES:  Please  see  the  published  manuscript  in  Biochem  Biophys  Res  Commun  349  (2006) 
1361-1367. 
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Abstract 

Inositol  hexaphosphate  (IP6)  has  anti-proliferative  effects  on  a  variety  of  cancer  cells,  including  prostate  cancer.  However,  the  molec¬ 
ular  mechanism  of  anti-proliferative  effects  of  IP6  is  not  entirely  understood.  Since  the  activation  of  telomerase  is  crucial  for  cells  to  gain 
immortality  and  proliferation  ability,  we  examined  the  role  of  IP6  in  the  regulation  of  telomerase  activity  in  prostate  cancer  cells.  Here, 
we  show  that  IP6  represses  telomerase  activity  in  mouse  and  human  prostate  cancer  cells  dose-dependently.  In  addition,  IP6  prevents  the 
translocation  of  TERT  to  the  nucleus.  Since  phosphorylation  of  TERT  by  Akt  and/or  PKCot  is  necessary  for  nuclear  translocation,  we 
examined  phosphorylation  of  Akt  and  PKCot  after  IP6  treatments.  Our  results  show  that  IP6  inhibits  phosphorylation  of  Akt  and  PKCot. 
These  results  show  for  the  first  time  that  IP6  represses  telomerase  activity  in  prostate  cancer  cells  by  posttranslational  modification  of 
TERT  via  the  deactivation  of  Akt  and  PKCot. 

©  2006  Elsevier  Inc.  All  rights  reserved. 
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Telomerase  is  a  ribonucleoprotein  enzyme  with  special¬ 
ized  reverse  transcriptase  activity  that  catalyzes  the  synthe¬ 
sis  and  extension  of  telomeric  DNA  [1].  This  enzyme  is 
present  in  germline  cells,  cancer-derived  cell  lines,  sponta¬ 
neously  immortalized  cells  in  culture  and  is  activated  in 
85-90%  malignant  tumors  but  usually  absent  in  normal 
somatic  cells  which  results  in  the  progressive  loss  of 
telomeres  with  each  cell  division  [2].  Cells  require  a  mech¬ 
anism  to  maintain  telomere  stability  in  order  to  overcome 
replicative  senescence,  and  telomerase  activation  may 
therefore  be  a  rate-limiting  step  in  cellular  immortality 
and  oncogenesis  [3].  The  telomerase  complex  is  composed 
of  telomerase  reverse  transcriptase  (TERT),  telomerase 
RNA  (TR),  telomerase-associated  protein  (TEP1),  and 
chaperone  proteins  (p23,  Hsp90)  [4].  A  strong  correlation 
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is  observed  between  TERT  mRNA  expression  and  telome¬ 
rase  activity  in  a  variety  of  epithelial  cancers  [5].  It  has  been 
demonstrated  that  Akt  kinase  enhances  human  telomerase 
activity  through  phosphorylation  of  the  TERT  subunit  at 
the  region  surrounding  Ser-824  [6].  Recent  evidence  shows 
that  telomerase  modulates  expression  of  growth  controlling 
genes  and  enhances  cell  proliferation  [7].  Therefore,  factors 
that  are  involved  in  the  regulation  of  telomerase  activity 
have  generated  considerable  interest  in  recent  years.  Such 
factors  have  significant  importance  in  understanding  and 
manipulating  cell  growth  in  neoplasia. 

Several  epidemiological  studies  have  pointed  out  that  a 
high-fat  and  low-fiber  diet,  as  consumed  by  most  of  the 
industrialized  world,  increases  cancer  risk,  while  plant- 
based  diet,  rich  in  whole  grains,  legumes,  fruits,  and 
vegetables,  contains  high  fiber  diet  is  associated  with  the 
reduction  of  various  cancers  including,  breast,  colon,  and 
prostate  [8].  The  active  ingredients  of  cereals  and  legumes 
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contain  inositol  hexaphosphate  (IP6).  IP6  constitutes 
0,4  6.4%  (w/w)  of  most  ec reals,  nuts^  legumes,  and  soy¬ 
beans  [9],  Elegant  work  by  Shamsuddin  and  his  associates 
[9-11]  and  others  [12-14]  has  demonstrated  a  profound 
anti-cancer  effect  of  IP6  against  colon,  mammary,  lung,  liv¬ 
er,  leukemia,  skin  as  well  as  prostate  cancer.  Mechanistical¬ 
ly,  IP6  alters  PI3  kinase  activity  [12],  up- regulates  tumor 
suppressor  genes  [15],  and  inhibits  angiogenesis  [16].  These 
studies  suggest  that  1P6  acts  on  various  targets  to  inhibit 
cancer  cell  growth.  Since  some  recent  evidence  shows  that 
telom erase  modulates  expression  of  growth  controlling 
genes  and  enhances  cell  proliferation  [7]  we  hypothesized 
that  IP6  could  inhibit  telomerase  activity. 

Using  mouse  and  human  prostate  cancer  cell  lines, 
TRAMP-C2  and  DU- 145,  we  show  tor  the  first  time  that 
IP6  inhibits  telomerase  activity  by  the  post  translational 
modification  of  TERT  via  the  deactivation  of  Akt  and 
PKO*. 

Materials  anti  methods 

Reagents  and  cell  culture.  Antibodies  Again  At  total  Akt,  phospho-Akt 
Ser-473,  and  phospho-serine  antibody  were  purchased  from  Cell  Signal¬ 
ing,  Beverly,  MA.  TERT  antibody  was  purchased  from  Novocastra 
Laboratories,  Newcastle  upon  Tyne,  UK  Protein  A/G  Sepliatose  beads 
and  PKCot  antibody  were  purchased  from  Santa  Cru*  Bio  I  ethnologies, 
Santa  Cruz,  CA.  Phospho-PKCa  antibody  was  purchased  from  Upstate 
Cell  Signaling,  Lake  Placid,  NY.  Inositol  hexaphosphate  was  purchased 
from  Sigma  Chemical  Co  (St.  Louis,  MO).  TRAMP-C2  (a  gill  from  Dr, 
Norman  Greenberg,  bred  Hutchinson  Cancer  Research  Center)  and  DU¬ 
NS  (American  Type  Culture  Collection,  Manassas,  VA)  were  grown  in 
IMEM  without  phenol  red  (Bio fluids,  Rockville,  MD)  supplemented  with 
10%  fetal  bovine  serum  (Quality  Biological*,  Gaithersburg,  MD),  2 m M 
glutamine,  1 00  U/ml  penicillin  G  sodium,  and  100  streptomycin 

sulfate  (Sigma)  in  the  presence  of  5%  C02  at  37  “C. 

Tehmerk  repeat  amplificatioTi  protocol  (TR,iP)  assay.  A  cellular  extract 
was  prepared  and  the  TRAP  assay  was  performed  according  to  our  previ¬ 
ously  published  method  [17]  Detection  oflelomerase  activity  in  cell  extracts 
was  performed  in  a  two-step  process:  (1)  Lei  omerase-  media  led  extension  of 
an  oligonucleotide  (TS:  5* -AATCCGTCG AGCAGAGTT-3')  and  (2)  PCR 
amplification  of  the  resultant  product  with  forward (TS)  and  reverse  (ACX: 
5'  -GCGCGGCTTACCCTT  ACCCTT  ACCCTAACC-3 ')  primers  In 
addition,  as  internal  control,  NT:  5'-ATCGCTTCTCGGCCTTTT-3'; 
TSNT:  5  -  AAT CCGT CGAGCAGAGTT AAAAGGCCG AGA4GCGA 
T-3'  primers  were  used.  Telomeric  DNA  products  were  separated  by  10% 
nondenaturing  PAGE  in  0.5  X  Tris  borate  EDT A  buffer,  pH  S.3,  at  300  V 
for  2.5  h.  Gels  were  then  stained  with  SYBR  Green  I  and  image  was  captured 
with  Fuji  LAS-1  ODD  imager.  TRAP  products  were  quantified  by  dcnsilo- 
nielrie  analysis  using  NIH  [mage  .1  program  (NIH,  Hethesda,  MIJ). 

Preparation  fif  nuclear  extracts,  hnmunoprecipitatian,  and  inununahlat. 
The  preparation  of  nuclear  extracts  was  performed  using  the  nuclear 
extraction  kit  (Active  Motif,  Carlsbad,  CA)  according  to  the  manufac¬ 
turer1*  instruct  ions.  Immunoprecipitation  was  performed  as  wc  described 
earlier.  Dor  routine  immunoblot  protein  extracts  were  prepared  from 
TRAMP-C2  and  DU- 145  cells  treated  with  or  without  [Pti  according  to 
our  previously  published  methods  [17].  Membranes  were  probed  with 
specific  antibodies  against  proteins  of  interest  then  each  membrane  was 
stripped  and  re-probed  with  fi-aetjn  antibody  (Sigma)  to  ensure  for  equal 
loading.  Molecular  weight  markers  (Invitrogen)  were  run  on  each  gd  to 
confirm  the  molecular  size  of  the  immunoreactive  proteins. 

Jmmatioeytochfmkal  staining,  TRAMP-C2  and  DLT-145  cells  were 
plated  on  ECL- coated  (Upstate  Biotechnology,  Lake  Placid,  NY)  Lab 
Tek  chamber  slide.  After  24  h  of  treatment  with  IF6  or  Wortmannin  cells 
were  fixed  in  chilled  methanol  at  20  for  30  min,  blocked  with  1%  B3A 


at  room  temperature  for  1  h  then  prohed  with  TERT  antibody  (Novo¬ 
castra  Laboratories)  overnight  at  4°C  followed  by  incubation  with  the 
Alexa  Fluor  4SS-conjugated  anti -mouse  antibody  (Molecular  Probes,  Inc., 
Eugene,  OR)  for  1  h.  Cells  were  then  eountersfaiued  with  presidium 
iodide.  Slides  were  viewed  under  a  fluorescent  microscope  (ZEISS  Axio- 
Plan2  Imaging  System,  Jena,  Germany).  Captured  images  were  imported 
to  Photoshop. 

Statistical  analyses  Data  from  the  TRAP  assays.  Western  blots,  and 
RT-PCRs  were  derived  from  at  least  three  independent  experiments 
Statistical  analyses  were  conducted  using  the  Prism  3  Graph  Pad  software 
and  values  were  presented  as  means  ±SEM.  Significance  level  was 
calculated  using  the  one-way  analysis  of  variance  (ANOVA)  followed  by 
the  Dunned  post  lest,  with  an  assigned  confidence  interval  of  95%. 
p  <  0.05  was  considered  significant. 

Results 

IP6  represses  telomerase  activity  in  prostate  cancer  ceih 

Since  1P6  has  anti-proliferative  effects  on  various  cancer 
cells,  and  the  majority  of  cancer  cells  have  high  telomerase 
activity  that  provides  cancer  cells  with  the  ability  to  survive 
and  proliferate,  we  examined  whether  IP6  represses  telome- 
rase  activity  in  prostate  cancer  cells.  Using  the  TRAP 
assay,  we  observed  that  TP6  repressed  telomerase  activity 
in  both  mouse  (TRAMP-C2)  and  human  (DU- 145)  pros¬ 
tate  cancer  cells  dose-dependently  (Fig.  1 A  and  B).  As  little 
as  I  mM  IP6  repressed  telomerase  activity  in  TRAMP-C2 
cells  significantly  (p  <  O.fJl)  (Fig.  1C)  but  significant  repres¬ 
sion  was  not  observed  in  DU- 1 45  cells  at  this  concentration 
(Fig.  ID).  However,  2  and  5mM  IP6  repressed  telomerase 
activity  (-50%)  and  (~$Q%)  in  both  TRAMP-C2  and 
DU- 1 45  cells,  respectively  (Fig.  1C  and  D).  These  concen¬ 
trations  of  IP6  (1  and  2  mM)  did  not  induce  cell  death  in 
these  prostate  cancer  cells  (data  not  shown).  These  results 
suggest  that  1P6  has  an  inhibitory  effect  on  telomerase 
activity  in  prostate  cancer  cells. 

IP6  inhibits  TERT  phosphorylation  and  prevents  trans¬ 
location  of  TERT  to  the  nucleus  in  prostate  cancer  cells 

Since  phosphorylation  of  TERT  is  necessary  for  full 
telomerase  activity,  wc  examined  w'hethcr  phosphorylation 
of  TERT  is  inhibited  by  the  1P6  treatment.  Immunoprecip- 
ilalion  (with  TERT  antibody)  and  irmrnmoblol  (with  phos- 
pho-serine  antibody)  analyses  demonstrated  that  2  mM  TP6 
decreased  the  phospho-TERT  in  DU- 145  (Fig.  2A,  left) 
and  TRAMP-C2  (Fig.  2A,  right)  cells.  Approximately 
3 -fold  decrease  in  phospho-hTERT  was  observed  in 
IP6-treated  DU*  145  and  TRAMP-C2  compared  to  the 
untreated  control  cells. 

Since  phosphory  lation  of  TERT  is  also  necessary  for  its 
nuclear  translocation,  we  subsequently  examined  the  local¬ 
ization  of  TERT  protein  in  DU-145  and  TRAMP-C2  cells 
with  or  without  IP6  treatments.  As  seen  in  Fig.  2 B  and  C, 
in  untreated  control  cells  TERT  protein  is  localized 
predominantly  in  the  nucleus.  Treatments  of  DU- 145  cells 
with  TP6  (2  mM)  decreased  nuclear  TERT  protein  staining 
intensity  accompanied  by  an  increase  in  cytoplasmic 
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Fig.  1.  IP6  represses  telomerase  activity  in  prostate  cancer  cells.  (A,B)  liffect  of  IP6  on  the  level  of  telomerase  activity  in  TRAMP-C2  and  DU-145  cells, 
respectively.  Twenty-four  hours  after  plating,  cells  were  exposed  to  various  concentrations  of  IP6  (0,  1,  2,  and  5  mM)  for  3  days.  Cell  pellets  were  collected 
and  subjected  to  telomere  repeat  amplification  protocol  (TRAP)  assay.  NC,  negative  control  using  lysis  buffer  only.  (C,D)  Quantitative  estimations  of 
telomerase  activity  in  1RAMP-C2  (C)  and  DU-145  (L>)  cells  determined  by  densitometric  measurements  of  TRAP  products  from  three  independent 
experiments.  Quantitative  values  are  means +  SF.M.  'Significantly  different  from  control  (/i<0.01). 


staining.  The  translocation  of  TKRT  by  the  treatments 
with  IP6  was  more  pronounced  in  the  case  of  TRAMP- 
C2  cells.  These  results  suggest  that  11*6  decreased  phos¬ 
phorylation  of  TERT  and  thereby  inhibited  its  transloca¬ 
tion  to  the  nucleus. 

TP6  deactivates  Akt  and  PKCol  in  prostate  cancer  cells 

Because  activated  Akt  and  PKCot  enhance  telomerase 
activity  through  phosphorylation  of  TERT  [6,19]  which 
also  allows  the  nuclear  translocation  of  TERT,  we  investi¬ 
gated  whether  the  repression  of  telomerase  activity  and 
prevention  of  translocation  of  TERT  by  IP6  were  due  to 
the  deactivation  of  Akt  and/or  PKCol  As  seen  in  Fig.  3A 
and  B,  total  Akt  level  did  not  change  with  various  doses 
of  IP6  treatment  of  TRAMP-C2  and  DU- 145  cells, 
whereas  phospho-Akt  Ser-473  residue  was  decreased 
dose-dcpcndcntly.  Quantitatively,  phospho-Akt  Ser-473 
was  decreased  significantly  (/?  <  0.01 )  with  as  little  as 
1  mM  concentration  of  1P6  and  with  2mM  more  than 
50%  of  phospho-Akt  Ser-473  was  decreased.  Similarly, 
total  PKCot  levels  were  unchanged  up  to  2  mM  1P6  treat¬ 
ments  and  a  slight  decrease  was  observed  in  5  mM  concen¬ 
tration  of  IP6  in  both  TRAMP-C2  and  DU-145  cells 
(Fig.  3C  and  D).  Interestingly,  phospho-PKCot  Scr-657 
decreased  dramatically  with  as  low'  as  1  mM  1P6  treatments 
(Fig.  3C  and  D).  These  results  suggest  that  as  deactivation 


of  Akt  anti  PKCot  is  common  phenomenon  in  both  mouse 
and  human  prostate  cancer  cells  and  can  be  achieved  with 
1  2  mM  IP6. 

Since  w'e  believe  that  deactivation  of  Akt  and  PKCot  is 
one  of  the  causes  of  repressed  telomerase  activity  and  the 
translocation  of  TERT  by  IP6,  we  used  PI3  kinase 
inhibitor,  Wortmannin  and  PKC  inhibitor,  bisindolylmalc- 
imide  1,  to  deactivate  Akt  and  PKC  in  DlJ-145  and 
TRAMP-C2  cells.  We  observed  that  50  nM  Wortmannin 
treatment  for  24  h  was  enough  to  significantly  deactivate 
Akt  (Ser-473)  without  altering  total  Akt  (Fig.  4A).  Fifty 
nanomolar  of  Wortmannin  decreased  phosphorylation  of 
TERT  2.5-fold  (Fig.  4C)  and  significantly  decreased 
(/?  <  0.01)  the  telomerase  activity  compared  to  the  untreat¬ 
ed  control  cells  (Fig.  4B).  Similarly,  50  nM  of  bisindolyl- 
maleimide  I  (Fig.  4D)  treatment  for  24  h  was  enough  to 
significantly  deactivate  PKCot  (Ser-657)  without  altering 
total  PKCot  (Fig.  4D).  Inhibition  of  phospho-PKCot  also 
significantly  decreased  (/?<0.01)  the  telomerase  activity 
in  both  DU-145  and  TRAMP-C2  cells  compared  to  the 
untreated  controls  (Fig.  4H).  These  results  suggest  that 
deactivation  of  Akt  or  PKC  prevents  phosphorylation  of 
TERT  and  thereby  represses  telomerase  activity. 

As  wc  mentioned  before  that  the  phosphorylation  of 
TERT  is  necessary'  for  its  nuclear  translocation,  wc 
subsequently  examined  the  localization  of  TERT  protein 
in  DU- 145  and  TRAMP-C2  cells  with  or  without 
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Fig.  2.  [?6  treatment  prevents  the  phosphorylation  and  translocation  of 
TERT  to  the  nucleus  in  prostate  cancer  cells.  (A)  DU- 145  (left)  and 
[  RAMP-C2  (right  )  cells  treated  with  (2mM)  or  without  I  Pd  for  3  days 
and  then  cells  were  harvested  and  nuclear  fractions  were  immunopreeip- 
itated  with  TERT  antibody.  Immunoprecipitated  proteins  were  resolved 
oil  12%  SDS  PAGE  and  mmmnoblots  were  probed  with  phospho-serine 
or  TERT  antibodies.  Quanl.itat.ivc  analyses  of  relative  levels  of  phOSpho- 
TERT  in  the  nucleus  are  shown  below  the  immunoblot.  Values  are  means 
of  two  independent  experiments.  (B5C)  DU- 145  and  1RAMP-C2  cells 
were  plated  on  chamber  slides  24  h  prior  t  o  the  treatments  with  or  without 
IPh  (2  mM)  for  another  24  h,  then  fixed  jn  chilled  methanol,  incubated 
with  TERT  antibody,  and  counter  stained  with  propidium  iodide.  Slides 
were  then  mounted  and  examined  under  a  lluoreseenee  microscope. 
Photographs  were  taken  at  the  same  magnification  (2(b<)  merged  and  then 
imported  to  Photoshop.  White  arrowheads  showing  localization  of  TERT 
at  the  cytoplasm . 


Wortmannin  treatments  to  confirm  that  deactivation  of 
Akt  prevents  translocation  of  TERT  in  the  nucleus.  As 
seen  in  Fig.  4F,  in  untreated  control  cells  T.KRT  protein 
is  localized  predominantly  in  the  nucleus.  Treatments  of 
WorLmannin  (50  nMJ  decreased  nuclear  TERT  protein 
staining  intensity  accompanied  by  an  increase  in  cytoplas¬ 
mic  staining  as  we  observed  with  IP6  treatments.  Similar 
results  were  observed  with  PKC  inhibitor,  bisindolylmalc- 
imitle  T  (data  not  shown)*  These  results  suggest  IP6 
decreased  phosphorylation  of  TKRT  via  the  deactivation 


of  Akt  and/or  [>KC^nt  and  thereby  inhibited  its  transloca¬ 
tion  to  the  nucleus. 

Discussion 

In  the  present  study,  we  investigated  the  role  of  IP6  in 
the  regulation  of  tel om erase  activity  in  prostate  cancer 
cells.  Using  mouse  and  human  prostate  cancer  cell  lines, 
TRAMP-C2  and  DU- 145,  we  demonstrated  that  1P6 
dose-dependently  (1-5  mM)  represses  telomerase  activity. 
We  show  that  IPti- induced  repression  of  telomerase  activity 
is  due  to  the  posttranslational  modification  of  TERT 
protein  via  Akt  and  PKCa. 

Posttranslational  modifications  arc  important  for  full 
telomerase  activity.  TERT  is  a  phosphoprotein  and  its 
activity  is  modulated  by  a  complex  set  of  protein  kinases, 
providing  posttranslational  control  on  telomerase  regula¬ 
tion*  It  has  been  shown  that  protein  kinase  B  (PKB/Akt) 
is  involved  in  phosphorylation  of  TKRT  protein  and  the 
up -regulation  of  telomerase  activity  [6J.  Kang  and  associ¬ 
ates  demonstrated  that  ihe  serine  residue  tit  position  824 
of  TERT  was  phosphorvlated  by  the  Akt  [6].  In  the  present 
study,  we  observed  that  IP6  treatment  down-regulated 
phospho-Akt  Ser-473  dose-dependently  in  TRAMP-C2 
and  DU- 145  cells  without  affecting  the  total  Akt  (Fig.  3). 
Moreover,  phosphorylation  of  TKRT  was  also  decreased 
significantly  after  1P6  or  WorLmannin  treatments  (Figs.  2 
and  4).  Our  results  corroborate  with  those  of  an  earlier 
study  in  melanoma  cells  where  TERT  peptide  phosphory¬ 
lation  and  telomerase  activity  were  down- regulated  by 
the  Wortmannin  treatment  [6].  These  results  clearly  suggest 
that  lP6actsat  the  posttranslational  level  to  t town -regulate 
phosphorylation  of  TERT  via  the  Akt  pathway.  Deactiva¬ 
tion  of  Akt  by  IP6  treatment  has  been  demonstrated  by  ail 
earlier  study  [IS].  Besides  Akt,  PKC,  another  serine/threo¬ 
nine  kinase,  is  also  known  to  be  involved  in  phosphoryla¬ 
tion  of  TKRT  anil  thereby  telomerase  activity  [19J.  Our 
result  also  demonstrates  that  in  addition  to  the  deactiva¬ 
tion  of  Akt,  IP6  also  inhibits  the  phosphorylation  of  PKCa 
and  thereby  suppresses  telomerase  activity. 

It  is  well  documented  that  cellular  localization  of  TERT 
could  be  a  potential  mechanism  of  telomerase  activation 
through  TKRT  phosphorylation  linked  to  nuclear  localiza¬ 
tion  [20],  Nuclear  translocation  of  TKRT  from  a  presum¬ 
ably  non- functional  cytosolic  location  to  a  physiologically 
relevant  nuclear  compartment  may  be  one  of  the  mecha¬ 
nisms  underlying  the  regulation  of  the  telomerase  function 
in  cells.  It  was  previously  reported  that  14-3-3  proteins  bind 
to  TERT  and  increase  its  nuclear  localization  [21].  Similarly, 
NFkB  p65  is  also  a  posttranslational  modifier  of  lelome- 
rase  which  is  involved  in  the  intracellular  localization  of 
TERT  [22].  Using  immutto fluorescent  staining,  we  demon¬ 
strated  that  IP6  treatment  decreased  the  nuclear  staining 
for  TERT  and  the  residual  staining  was  observed  in  the 
cytoplasm  (Fig.  2),  suggesting  that  IP6  decreased  the  phos¬ 
phorylation  of  TERT  and  thereby  it  was  unable  to  bind  its 
nuclear  trails  locator  or  decreased  phosphorylation  of 
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Fig.  3.  1F6  inhibits  phosphorylation  of  Akt  and  FKCot  in  prostate  cancer  cells.  Fifty  micrograms  of  protein  lysates  from  1RAMF-C2  (A,CJ  and  DO-145 
(B,D)  cells  treated  with  various  concentrations  of  1P6  (0.  1, 2,  and  5  mM)  for  3  days  was  resolved  on  12%  SDS  PAGE  and  immune blots  were  probed  with 
antibodies  to  total  Akt,  phospho-Akt  Set-473,  total  PRCce,  and  phospho-FKGx  Ser-657.  All  immunoblots  were  re-probed  with  p-actin  antibodies  to 
ensure  for  equal  loading.  A  repi  esentative  photograph  from  an  experiment  that  was  repeated  ihrec  times  is  shown  (left  panels).  Quantitative  analyses  of 
relative  levels  of  phospho-Akt  Ser-473  and  phospho-PKCn  Ser-657  are  shown  on  l  ight  panels.  Values  are  means  £  SEM  from  three  independent 
immune  blots.  "Significantly  different  from  levels  in  untreated  cells  ip  <  0.01). 


TERT  forcing  it  to  translocate  from  the  nucleus  to  the 
cytoplasm.  Treatment  with  Wortmannin  had  a  similar 
effect  on  TERT  translocation  (Fig*  4F),  suggesting  that 
the  Akt  deactivation  by  IP6  would  be  sufficient  to  decrease 
phosphorylation  of  TERT.  However,  it  is  also  possible  that 
IP6  might  down-regulate  NFidS  and/or  14-3-3  protein 
levels  in  addition  to  the  dcphosphorylation  of  Akt  and 
thereby  decrease  their  association  with  TERT  and  eventu¬ 
ally  inhibit  translocation  to  the  nucleus.  In  lack  it  has  been 
demonstrated  that  IP6  inhibits  constitutive  activation  of 
NFkB  in  prostate  cancer  cells  [23].  We  also  postulate  that 
the  deactivation  of  Akt  could  increase  GSK3a/p  activity 
and  eventually  degrade  c-Myc  protein.  Because  of  the 


paramount  importance  of  c-Myc  in  TERT  transcriptional 
activation  [24  J,  it  is  possible  Ihe  down -regulation  of  o 
Mye  would  repress  Lelomerase  activity.  Future  studies  will 
be  necessary  to  define  the  role  of  c-Myc  in  1  Independent 
repression  of  telomerasc  activity. 

The  question  might  arise  how  repression  of  telomerasc 
activity  by  IP6  would  have  an  immediate  impact  on  pros¬ 
tate  cancer  cell  growth  and/or  metastasis.  We  recently 
reported  that  lelomerase  modulates  the  expression  of 
cyclin  D1  [25].  Since  cyclin  D1  can  contribute  to  cell  pro¬ 
liferation  and  metastasis  by  regulating  cell  cycle  and  by 
increasing  the  activity  of  matrix  mctalloprotcinascs  [26], 
the  decrease  in  TERT  expression  will  decrease  cyclin  Di 
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Fig.  4.  AKT  and  PKC  inhibitors  down- regulate  telomerase  activity  and  prevent  the  translocation  of  TERT  to  the  nucleus  in  prostate  cancer  cells.  (A) 
Western  blot  an&ly&i&  showing  dose- dc|>ct3 dent  decrease  in  phospho-Akt  Ser-473  in  DU-J45  cells  after  24  h  of  Wortin^nnin  treatment.  (B)  TRAP  assays 
measuring,  tdomerase  activities  in  DU-145  and  IR  AMP-C2  cells  with  or  without  Wortmannin  treatments  for  24  h.  (Q  TERT  inmmnopreci  pita  led 
immun oblot  showing  the  levels  of  phospho-TERT  with  (50  tiM'i  or  without.  Wortmannin  treatment  of  DU-145  cells.  (D)  Western  blot,  analysis  showing 
dose-dependent  decrease  in  phospho-PKCot  Ser-657  in  DU-145  cells  after  24  h  of  bisindolylmaleimide  treatment.  (E)  TRAP  assays  measuring  tdomerase 
activities  in  DU-145  and  TRAMP-C2  cells  with  or  without  bisindolyimaleimide  treatments  for  24  h.  (F)  DU-145  and  TRAMP- C-2  cells  were  plated  on 
ohatnbci  slides  24  h  prior  to  the  treatments  with  or  without  Wortmannin  (50  nM  |  for  another  24  hT  then  lived  in  chilled  methanol,  incubated  with  TERT 
antibody,  and  counter  stained  with  propidium  iodide,  Slides  were  then  mounted  and  examined  under  a  fluorescence  microscope.  Photographs  were  taken  at 
the  same  magnification  f20x)  merged  and  then  imported  to  Photoshop.  White  arrowheads  showing  localization  of  TERT  at  the  cytoplasm. 


transcriptionally  which  will  eventually  inhibit  cancer  cell 
growth  and  metastasis*  Another  question  might  arise 
whether  the  concentrations  of  IP6  wc  used  are 
physiologically  relevant.  Inositol  hexa phosphate  is  usually 
found  at  concentrations  of  between  10  pM  and  1  mM  in 
most  plant  and  animal  cells  [9].  Moreover,  various  animal 
studies  have  revealed  that  1P6  docs  not  show  any 
noticeable  harmful  side- effects  or  toxicity  even  at 
higher  doses  of  chronic  administration  up  to  2%  w/v 
or  15  mM  in  drinking  water  [27,28],  In  our 
study  1-2  mM  1P6  decreased  telomerasc  activity  and 


translocation  of  TERT  and  deactivation  of  Akl  and 
PKCot,  Therefore,  the  effective  concentrations  ( 1  2  mM) 
IP6  are  not  very  high  when  compared  to  the  physiological 
co ncent ra t ion  ( 1 0  p M- 1  mM).  M oreov er7  i n  v it ro  cul t u re 
system  is  more  favorable  to  cancer  cells  compared  to 
the  in  vivo  situation,  and  therefore,  the  higher  concentra¬ 
tion  of  chemotherapeutic  agents  would  be  required  to 
achieve  l he  similar  effect  obtained  by  lower  concentrations 
in  vivo, 

Tn  summary,  this  study  demonstrates  for  the  first  time 
that  IP6  represses  telomerasc  activity  in  prostate  cancer 
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cells,  Posttr  a  relational  modifications  of  TERT  protein  via 
the  deactivation  of  Akt  and  PKCa  arc  involved  in 
ll?6-induced  repression  of  lelomerase  activity  in  prostate 
cancer  cells.  Repression  of  tel om erase  activity  by  TP6 
strengthens  its  role  as  a  potential  chemotherapeutic  agent 
for  prevention  and/or  intervention  of  a  variety  of  cancers 
including  prostate  cancer. 
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